The Brazilian Cerrado is the most diverse savanna in the world. Phylogeographical patterns for Cerrado tree species are relatively congruent; however, the causes of these patterns are not clear. Ours aims were to investigate phylogeographical patterns in two co-distributed Annona spp. in the Cerrado and identify the factors responsible for their genetic structure. We sequenced non-coding plastid DNA regions and estimated divergence times using a Bayesian Markov chain Monte Carlo method implemented in BEAST. Generalized linear mixed models (GLMMs) were used to relate genetic divergence with spatial, climatic and phytogeographic data. Annona crassiflora possessed only one haplotype, whereas A. coriacea possessed nine haplotypes constituting two groups: western and eastern. Haplotype diversification first occurred in the Pliocene; the split between eastern and western groups was dated to the Early Pleistocene. GLMMs detected a weak association of genetic distance with current climatic factors, represented mainly by precipitation in the warmest months. In A. coriacea, the north of central Cerrado (around Serra Geral de Goi as) is suggested as a putative Pleistocene refugium. The current climate and dispersal and local adaptation processes probably contribute to maintaining the east-west genetic structure in A. coriacea. Both Annona spp. show idiosyncratic population histories, reminiscent of the complex biogeography of the Cerrado.
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The Brazilian Cerrado is the most diverse savanna in the world. Phylogeographical patterns for Cerrado tree species are relatively congruent; however, the causes of these patterns are not clear. Ours aims were to investigate phylogeographical patterns in two co-distributed Annona spp. in the Cerrado and identify the factors responsible for their genetic structure. We sequenced non-coding plastid DNA regions and estimated divergence times using a Bayesian Markov chain Monte Carlo method implemented in BEAST. Generalized linear mixed models (GLMMs) were used to relate genetic divergence with spatial, climatic and phytogeographic data. Annona crassiflora possessed only one haplotype, whereas A. coriacea possessed nine haplotypes constituting two groups: western and eastern. Haplotype diversification first occurred in the Pliocene; the split between eastern and western groups was dated to the Early Pleistocene. GLMMs detected a weak association of genetic distance with current climatic factors, represented mainly by precipitation in the warmest months. In A. coriacea, the north of central Cerrado (around Serra Geral de Goi as) is suggested as a putative Pleistocene refugium. The current climate and dispersal and local adaptation processes probably contribute to maintaining the east-west genetic structure in A. coriacea. Both Annona spp. show idiosyncratic population histories, reminiscent of the complex biogeography of the Cerrado. © 2016 The Linnean Society of London, Botanical Journal of the Linnean Society, 2016, 181, 21-36 INTRODUCTION South America hosts highly diverse biomes, and species in these biomes have experienced highly diverse and complex biogeographical histories (see Hughes, Pennington & Antonelli, 2013) . There is reliable evidence that Pleistocene climatic oscillations have driven changes in the geographical distribution and genetic diversity of species in South America. This evidence has emerged from phylogeographical studies (Ramos et al., 2007; Ramos, Lemos-Filho & Lovato, 2009; Novaes et al., 2010 Novaes et al., , 2013 Ribeiro et al., 2011; Fouquet et al., 2012; Capurucho et al., 2013; Cosacov et al., 2013; Vargas-Ram ırez, Maran & Fritz, 2013) and niche modelling studies (Carnaval & Moritz, 2008; Werneck et al., 2012) . Besides the Pleistocene climatic changes, the Pliocene/Miocene orogenic events also shaped the complex phylogeographical patterns of South America; however, phylogeographical data are still limited for some biomes, especially those with open habitats (Turchetto-Zolet et al., 2013) .
The Cerrado biome is a vast tropical savanna in Brazil. The association of Cerrado, Caatinga (an SDTF -seasonally dry tropical forest biome in north-eastern Brazil) and Chaco (a dry vegetation biome in north-eastern Argentina, western Paraguay and south-eastern Bolivia) forms the so-called 'dry diagonal of open vegetation' in eastern South America (Pennington, Ratter & Lewis, 2006; Werneck, 2011) . Cerrado spreads across wide latitudinal (> 20°latitude) and elevational gradients (sea level to 1800 m), forming the second largest biome of Brazil with a surface area of c. 2 million km 2 (Pennington et al., 2006) . Besides its border with the xeric Caatinga in the north-east, Cerrado has extensive borders with the Amazon tropical rainforest in the north and the Atlantic Forest in the east. Its soils are dystrophic and the climate is distinguished by an intense dry season (April-September), an average annual precipitation of 800-2000 mm and an average annual temperature of 18-28°C (Dias, 1992; Pennington et al., 2006) . Cerrado is the most diverse savanna in the world and hosts a great number of species, c. 16 000, of which almost 34% are endemic (Klink & Machado, 2005) . Although the biological importance of Cerrado has been acknowledged, > 50% of its natural landscape has been substituted by pasture and agricultural lands (Machado, 2004; Klink & Machado, 2005) , a threat which led to the recognition of Cerrado as one of the global biodiversity hotspots for conservation (Myers et al., 2000) .
Although the biogeographical history of Cerrado has large knowledge gaps, analysis of the floristic composition has shown clear biogeographical patterns in the distribution of the vegetation. Ratter and collaborators (Ratter et al., 1996; Ratter, Bridgewater & Ribeiro, 2003; Bridgewater, Ratter & Ribeiro, 2004) Fig. S1 ). These phytogeographical regions are associated mainly with soil type and environmental factors, although climatic changes during the Tertiary and Quaternary periods are also suggested to have influenced the partitioning. Recently, Novaes et al. (2013) showed high congruence between phylogeographical patterns in the endemic tree Dalbergia miscolobium Benth. (Fabaceae) and the phytogeographical provinces proposed by Ratter et al. (2003) .
Previous phylogeographical studies of plants with wide distributions in Cerrado have shown high levels of genetic divergence among populations and have revealed spatially structured groups of genetic lineages and signals of recent expansion from the centralnorthern Cerrado towards the south (Ramos et al., 2007; Collevatti, Rabelo & Vieira, 2009; Novaes et al., 2010) . The central-northern Cerrado has also been described as a high genetic diversity area for animals (Werneck et al., 2012) and plants (Novaes et al., 2010 (Novaes et al., , 2013 , suggesting that this region may have experienced historical climate stability, in agreement with palaeodistribution modelling (Werneck et al., 2012) . Phylogeographical data (Ramos et al., 2007; Novaes et al., 2010) and palaeodistribution modelling (Werneck et al., 2012) also suggest that Cerrado retracted northwards during the last glaciation and that the southern part was re-colonized after post-glacial climate amelioration. However, the detailed effects of the Quaternary climatic oscillations on the expansion and retraction of species in Cerrado remains unclear, as besides the wide congruence of studies, there are also discrepancies. For example, multiple last glacial maximum (LGM) refugia have been suggested for the tree Caryocar brasiliense Cambess., including the southern Cerrado (Collevatti et al., 2012) .
The paucity of available phylogeographical studies for Cerrado reinforces the need for additional evidence to confirm patterns in responses of species to past climatic changes and the influence of current environmental conditions on the stability of communities. We set out to test these effects using a comparative phylogeographical approach in two typical Cerrado tree species of Annona L., A. crassiflora Mart. and A. coriacea Mart. (Annonaceae). Comparative phylogeography can reveal congruent phylogeographical patterns across co-distributed species, indicating a relative historical stability of communities and responses to similar external (e.g. climatic) factors or incongruent patterns, indicating a prevalence of idiosyncratic, species-specific responses (Avise, Walker & Johns, 1998; Hickerson et al., 2010) . In Brazil, comparative phylogeographical studies are just beginning, such as those of Carnaval et al. (2009) and Carnaval & Moritz (2008) for amphibians of the Brazilian Atlantic Rainforest, Pinheiro et al. (2014) for inselberg orchids from north-eastern Brazil and Ramos et al. (2009) for trees in Hymenaea L. (Fabaceae-Caesalpinioideae) from Cerrado.
Annonaceae are native to Asia, Africa, America and Australia (Richardson et al., 2004; Couvreur et al., 2011) and comprise c. 2400 species in 120 genera, most of which are found in tropical and subtropical regions (Chatrou et al., 2012; Rainer & Chatrou, 2014) . Studies of the biogeographical history of the family have revealed that boreotropical migration and long-distance dispersal hypotheses contributed to the present-day disjunct distribution of the family (Richardson et al., 2004; Couvreur et al., 2011; Thomas et al., 2015) , and that Gondwanan vicariance is likely to have been negligible. In Brazil, 389 species are recognized (159 endemic) and most of these are found in forest, with a few species in open areas (Maas et al., 2001; Maas, Lobão & Rainer, 2013) . Molecular dating has yielded age estimates of 89-98 Ma (crown node) for Annonaceae and 18-31 Ma (crown node) for Annona (Pirie & Doyle, 2012) . Annona includes c. 175 species (Chatrou et al., 2009) ; 79 of these are found in Brazil, 21 in Cerrado (Maas et al., 2013) . Annona crassiflora and A. coriacea are the most widely distributed in Cerrado, being reported in 40% of the areas sampled in the phytogeographical study of Ratter et al. (2003) . They are largely sympatric in the core and the south of the biome (see Supporting Information, Fig. S1 ). These species show nocturnal anthesis and are pollinated by beetles of Scarabaeidae subfamily Dynastinae (Gottsberger, 1999) . Both have large fleshy fruits containing several seeds and therefore fit the description of the megafaunal dispersal syndrome, i.e. species with fruits adapted for dispersal by large mammals that are now extinct (Guimarães, Galetti & Jordano, 2008) . The primary disperser of both species is the tapir (Tapirus terrestris) (Zorzi, 2009; Golin, Santos-Filho & Pereira, 2011) , and the loboguar a (Chrysocyon brachiurus) and cachorro do mato (Cerdocyon thous) have been cited as dispersers of A. crassiflora (Motta-Junior & Martins, 2002) .
In this study, we compared the phylogeographical patterns of A. crassiflora and A. coriacea, sampled through most of their distribution ranges in the Cerrado biome. Besides standard phylogeographical analyses, we used generalized linear mixed models (GLMMs) to search for association of the phylogeographical patterns with the phytogeographical provinces described for Cerrado and with current climate conditions. Specifically, we aimed to answer the following questions. (1) Do the two Annona spp. have similar phylogeographical patterns, suggesting temporal stability in the Cerrado community? (2) Are the phylogeographical patterns congruent with phytogeographical provinces of Cerrado, suggesting persistent factors driving the diversification of the biome? (3) Are current climate factors drivers of phylogeographical structure of these species?
MATERIAL AND METHODS

POPULATION SAMPLING AND DNA ISOLATION
The sampling covered a wide distribution range of both species in the Brazilian Cerrado, including 28 locations for A. coriacea and 20 for A. crassiflora (Fig. 1, Tables 1, 2 ). Voucher specimens were deposited in the BHCB (Herbarium of Departamento de Botânica, Universidade Federal de Minas Gerais, Supporting Information, Tables S1 and S2). Total DNA was extracted from young leaves, dried in silica gel and stored at À20°C prior to extraction, following Souza et al. (2012) . In total, 151 adult individuals of A. coriacea and 40 of A. crassiflora were analysed. The low number of individuals of A. crassiflora was due to the absence of variation in several plastid DNA sequences investigated during an initial screening that included up to ten individuals of each species (see next section).
PLASTID DNA AMPLIFICATION AND SEQUENCING
To investigate variation in plastid DNA regions, 19 primer combinations (Shaw et al., 2005 (Shaw et al., , 2007 Hamilton, 1999; Demesure, Sodzi & Petit, 1995; Taberlet et al., 1991, Supporting Information, Table S3 ) were tested initially in 5-15 individuals of A. crassiflora from distinct locations representing the geographical range of the species. Similarly, 11 primer combinations were tested in five to ten individuals of A. coriacea from suitably spaced locations (Supporting Information, Table S3 ). Annona crassiflora showed no polymorphism, whereas A. coriacea showed variation in five of the 11 regions investigated, of which trnL-trnF (the region comprising the trnL intron and the trnL-F intergenic spacer) and rpl32-trnL were selected for sequencing in 151 individuals from 28 populations. In A. crassiflora, the sampling was increased to 40 individuals (two from each sampled location), which were sequenced for trnL-trnF and rpl32-trnL as in A. coriacea.
The polymerase chain reaction (PCR) was carried out in a final volume of 25 lL, containing 10 ng template DNA, 19 PCR buffer [IC; Phoneutria; 2.0 mM MgCl 2 , 10 mM Tris-HCl (pH 8.4), 50 mM KCl, 0.1% Triton X-100], 0.2 ng bovine serum albumin (BSA), 0.5 lg each primer and 1 U Taq polymerase (Phoneutria). Amplification was performed using Eppendorf thermocyclers with the following programme: 94°C for 4 min, 29 cycles of denaturation at 94°C for 1 min, annealing at 50-56°C (according to the primer combination, Supporting Information, Table S3 ) for 1 min and extension at 72°C for 2 min, and a final extension at 72°C for 7 min. PCR products were visualized on 1% agarose gels stained with ethidium bromide and purified with a polyethylene glycol (PEG, 20%) precipitation. Sequencing was carried out using the ET-DYE Terminator kit (GE Healthcare) on a MegaBACE 1000 automated sequencer (GE Healthcare).
POPULATION AND PHYLOGEOGRAPHICAL ANALYSES
Sequences (usually forward and reverse) were assembled and edited using the programs Phred v. 0.20425 (Ewing et al., 1998) , Phrap v. 0.990319 (http:// www.phrap.org/) and Consed 12.0 (Gordon, Abajian & Green, 1998) . Multiple sequence alignments were performed using Clustal X (Thompson, Higgins & Gibson, 1994) implemented in MEGA 3.0 (Kumar, Tamura & Nei, 2004) and manually edited to reduce errors. Molecular diversity indices (number of haplotypes, haplotype diversity, nucleotide diversity) were estimated using DNAsp 4.1 (Librado & Rozas, 2009) and ARLEQUIN 3.5 (Excoffier & Lischer, 2010) . Haplotypic richness was obtained after rarefaction to correct for sample size differences using Contrib (Petit, Mousadik & Pons, 1998) . A haplotype network was constructed using the median-joining algorithm (Bandelt, Forster & Rohl, 1999) in NETWORK 4.1 (www.fluxus-engineering.com).
We evaluated overall population differentiation, F ST , using an analysis of molecular variance (AMOVA) implemented in ARLEQUIN 3.5 (Excoffier & Lischer, 2010) . To test for a pattern of isolation by distance, we regressed pairwise genetic differentiation between populations, F ST /(1 À F ST ), on pairwise geographical distances and tested for significance using the permutation procedure implemented in Spagedi 1.4 (Hardy & Vekemans, 2002) . To investigate putative barriers to gene flow in the population structure, we used the Monmonier maximum difference algorithm (Monmonier, 1973) in BARRIER 2.2 (Manni, Gu erard & Heyer, 2004) . The software identifies possible barriers to gene flow between genetically differentiated groups of populations clustered in the Delaunay triangulation connecting adjacent populations through the construction of the Voronoi diagram (Manni et al., 2004) . A spatial molecular variance analysis was performed using SAMOVA (Dupanloup, Schneider & Excoffier, 2002) , which determines groups of populations that are geographically homogeneous and maximally differentiated from each other. The method uses a simulated annealing procedure that maximizes the proportion of total genetic variance due to differences among K groups of populations, defined a priori, and generates F statistics (F SC , F ST and F CT ) using an AMOVA approach.
The time of the most recent common ancestor (T MRCA ) and the divergence times among haplotype lineages, using the concatenated trnL-trnF and rpl32-trnL regions, were estimated using the Bayesian Markov chain Monte Carlo (MCMC) method implemented in BEAST 2.0 (Bouckaert et al., 2014) . The input files for BEAST were constructed with BEAUti v.2.0.2 (Bouckaert et al., 2014) , under a Bayesian Skyline coalescent model and GTR + I substitution model. This model was selected using the Akaike information criterion (AIC; Kelchner & Thomas, 2007) implemented in JModelTest v.2.1.5 5 (Guindon & Gascuel, 2003; Darriba et al., 2012) . The mutation rate used for the concatenated regions was 8.682 9 10 À4 substitutions per site Myr À1 , as estimated by Chatrou et al. (2009) for trnL-trnF in Annona, under a relaxed-clock auto-correlation model. The MCMC analysis was run for 3 9 10 6 generations and sampled every 1000 generations. The results of the chain convergence and effective sample size (ESS > 200) were verified with Tracer 1.6 . After discarding the first 25% as burn-in, trees were summarized in a maximum clade credibility tree using TreeAnnotator v.2.1.2 . The final trees were visualized using FigTree 1.4 (Rambaut, 2012) .
Models of demographic and spatial population expansion were tested using mismatch distributions (Rogers & Harpending, 1992) in ARLEQUIN 3.5. (Excoffier & Lischer, 2010) . Mismatch distributions make it possible to test for pure demographic expansion in a continuous population and for spatial expansion in a structured population using the distribution of the observed number of differences between pairs of haplotypes. We performed 10 000 parametric bootstraps to test for significance. A nonsignificant test is interpreted as the failure to reject the null hypothesis of population expansion. We also used two neutrality tests, Tajima's D (Tajima, 1989 ) and Fu's F S (Fu, 1997) as alternative approaches to examine population expansion, interpreting negative values below specific critical values as evidence for population expansion. All analyses of population expansion were done for the entire sample of A. coriacea (i.e. all populations together) and for the phylogeographical groups delimited in the population structure analyses.
ASSOCIATIONS OF GENETIC, SPATIAL AND ENVIRONMENTAL
DATA
To test if climate and/or geographical factors could be associated with genetic divergence among populations of A. coriacea, GLMM analyses were performed. The GLMM approach uses pairwise matrices at population level and assumes non-independence of the data. The analyses were performed in R version 3.0.3 (www.r-project.org) using the packages 'MCMCglmm', 'gdata' and 'reshape2'. The genetic divergence matrix was considered as the response variable; it was computed as the number of pairwise differences in plastid DNA sequences between populations using ARLEQUIN 3.5 (Excoffier & Lischer, 2010) . As predictor variables, we used one geographical matrix (GEO), three matrices of climatic conditions (ENV) and one of phytogeographical provinces (PHY). The geographical matrix was represented by distances in kilometres between populations and was obtained using Spagedi 1.4 (Hardy & Vekemans, 2002) . The first environmental matrix (ENV1) was computed using the absolute Euclidean distance between populations along the first axis of a principal component analysis (PCA) of 19 climate variables extracted from Worldclim (database of global climate available at http://www.worldclim.org). ENV1 corresponded mainly to annual precipitation, precipitation of the warmest quarter and temperature seasonality (Supporting Information, Table S4 ). Likewise, the other two other predictors were derived from PCAs of climatic matrices including only variables representing temperature and precipitation of the quarters corresponding to the summer (ENV2) or winter (ENV3) (Supporting Information, Table S4 ). The information of the WorldClim layers (resolution of 5 arc minutes) for each of the 28 sampling locations for A. coriacea was extracted using ArcMap10 (ESRI). The PHY matrix was constructed based on the phytogeographical provinces established for Cerrado by Ratter et al. (2003) . Each population was assigned to a province and the pairwise matrix was constructed putting one (1) for populations occurring in the same phytogeographical province and zero (0) for those occurring in different provinces. Up to 17 different models resulted from combinations of the three predictor variables: a null model without any predictor, five models with a single predictor variable (GEO, ENV1, ENV2, ENV3 or PHY), seven with different combinations of two predictors, three with three predictors (each environmental inserted once with GEO plus PHY) and one with all predictors. The deviance information criterion (DIC) and associated DIC differences and weights were used to compare models, to derive information on the relative roles of different drivers of genetic divergence (GEO, PHY or ENV). MCMCglmm was run with a burn-in of 500 000 followed by 2 000 000 iterations with a thinning interval of 750. Chain convergence of MCMCglmm was confirmed using the Coda R package and by examining autocorrelation between successive MCMC samples. In addition, to compare with the GLMM results, we tested for an association of observed haplotypes with phytogeographical provinces using a chi-square test and a Fisher exact test in R.
RESULTS
GENETIC DIVERSITY
Sequences were obtained from 40 individuals of A. crassiflora and 151 individuals of A. coriacea using two primer combinations (trnL-trnF and rpl32-trnL), resulting in a concatenated sequence matrix of 1238 and 1199 bp for A. crassiflora and A. coriacea, respectively. Despite great efforts to find polymorphic markers in A. crassiflora, no variation was found among 20 widely spaced populations in the Cerrado (latitudes ranging from À12.00 to À23.37). Sequences of A. coriacea were polymorphic, with 13 base substitutions (seven in trnL-trnF and six in rpl32-trnL), resulting in nine haplotypes (H1-H9; Supporting Information, Table S5 ). Only two haplotypes (H1 and H4) were common, i.e. they were widely observed across the distribution range; the other haplotypes were endemic to one or a few populations (Fig. 1 , Supporting Information, Table S5 ).
Low intrapopulation diversity was observed in A. coriacea: just ten of 28 studied populations showed polymorphism and most of them contained one of the two most common haplotypes and one exclusive haplotype. Only one population (SDE) had more than two haplotypes (Fig. 1, Table 2 and Supporting Information, Table S5 ). Total haplotypic diversity was H d = 0.597 (SD = 0.031) and nucleotide diversity was p = 0.00252 (SD = 0.00012) ( Table 2) . PHYLOGEOGRAPHICAL STRUCTURE AMOVA indicated high genetic differentiation among populations of A. coriacea (F ST = 0.927, P < 0.01; Table 3 ). Genetic distances among populations were not significantly correlated with geographical distances (R 2 = 0.0127, P = 0.918). The median-joining network (Fig. 1) showed absence of reticulation and indicated two main groups of related haplotypes. The first haplotype group was found almost exclusively in the eastern part of the distribution range and was represented by four haplotypes: H1 (the most common), H2, H8 and H9 (Fig. 1) . The exceptions were one individual with H1 in population SER from the central-western Cerrado and one individual with H9 in population SVN from the north-western Cerrado (Fig. 1 , Supporting Information, Table S5 ). Haplotype H9 connected the two groups, differing from H1 by one substitution and from H3 by three substitutions. The second haplotype group was found in the western part of the range and consisted of five haplotypes, H3, H4 (the most common), H5, H6 and H7. There was a single exception, population SNO in the north-east of the range, displaying H4 (Fig. 1 , Supporting Information, Table S5 ).
In strong agreement with the haplotype network, SAMOVA identified K = 2 as the best number of phylogeographical groups, which resulted in a clear separation of the east from the west of the distribution (eastern group: ARN, JEQ, JPO, TMA, CAL, UBE, CAV, IBI, LUZ, FUR, SRQ, PRO, SBA, ASS, BAU, ANA and PAR vs. western group: SNO, SVN, SDE, PNV, NIQ, ARP, NXA, BGA, SER and SEL and UFMS, F CT = 0.899). The analysis for K = 3, although with a slightly higher F CT (0.923), distinguished a small subgroup in the west, represented by two populations, ARP and SDE, probably because they shared the rare H3. For K = 4-8, F CT values ranged from 0.901 to 0.857 and the main partition into east and west was maintained, singling out individual populations. The BARRIER analysis corroborated the SAMOVA partition into eastern and western phylogeographical groups and identified three main barriers delimiting both groups (Fig. 1) . A hierarchical AMOVA showed that divergence between groups accounted for the largest proportion of genetic variance (89.9%; F CT = 0.899; Table 3 ).
DIVERGENCE TIMES AND DEMOGRAPHIC ANALYSIS
The time of the most recent common ancestor (T MRCA ) of all haplotypes of A. coriacea was estimated at 3.19 Mya [95% highest posterior density (HPD): 1.54-5.39 Mya] in the Pliocene, which corresponds to the divergence time between the lineage comprising haplotypes H4, H5 and H6, distributed in the western Cerrado, and the remaining haplotypes of the western (H3, H7 and H9) and eastern Cerrado (H1, H2 and H8, Fig. 2 ). All the other divergence events occurred in the Pleistocene, demonstrating the importance of this period in the diversification of A. coriacea. The beginning of divergence of the eastern lineage from the (paraphyletic) western group, i.e. the split between the lineage to H3 and H7 (west) from the lineage to H1, H2 and H8 (east), was dated to the Early Pleistocene (2.06 Ma, 95% HPD: 0.92-3.57 Ma, Fig. 2) .
In A. coriacea, the western group displayed higher diversity than the eastern group, with haplotypic diversity of 0.387 and 0.180 and haplotypic richness of 7.00 and 2.64 for west and east, respectively (Table 4 ). The mismatch distribution tests failed to reject the null hypothesis of recent demographic and spatial expansions for the two phylogeographical groups (Table 4) . On the other hand, neither Tajima's D nor Fu's F S was significant for the western group or all populations together, but Tajima's D was significant in the eastern group (D = À1.434, P = 0.026; Table 4 ). These discordant results could be due to the low level of polymorphism detected as these last tests are sensitive to the number of polymorphic sites (Carnaval et al., 2009) . 
ASSOCIATIONS OF GENETIC STRUCTURE WITH GEOGRAPHY AND CLIMATE
GLMMs did not indicate strong effects of geographical, environmental or phytogeographical factors on the genetic structure of populations (Table 5 ). Of 17 models tested, the best support was found for the model that included the single explanatory variable, ENV2 (represented by maximal precipitation and temperature in the summer; see Supporting Information, Table S4 ), which achieved the highest DIC weight (0.213) and the lowest deviance (DDIC = 0).
However, the effect of ENV2 was not significant in this model and the null model showed a DIC weight (0.207) similar to ENV2 (Table 5) . On the other hand, ENV2 exhibited significance at a test level of 0.1 in the compound models GEO + ENV2 and GEO + ENV2 + PHY (Table 5) . These data suggest a tendency of the current environment to be associated with the divergence among populations of the species. The other models including environmental variables ENV1 (PCA of all 19 Bioclim variables) and ENV3 (PCA of precipitation and temperature in the winter) indicated low and non-significant association with genetics (data not shown). In contrast to GLMM analyses, the chi-square and Fisher exact tests both indicated a strongly non-random distribution of haplotypes with respect to phytogeographical provinces (v 2 = 207.7323, d.f. = 24, P < 2.2e-16; Fisher test, P < 2.2e-16), indicating that the count of observations (here, haplotypes within provinces) includes a higher level of information than concordance/discordance matrices used in GLMMs.
DISCUSSION
In this study, we investigated phylogeographical patterns for two congeneric tree species of the Brazilian Cerrado, which showed a clear difference in genetic diversity, despite sharing numerous life history traits. Nine haplotypes were found in two plastid DNA regions in A. coriacea whereas no variation was detected in the same plastid DNA regions in A. crassiflora. The absence of congruence in genetic patterns of co-distributed species could reflect historical differences between the species possibly related to historical population isolation and sizes of refugial populations, response to biogeographical barriers, rates of molecular evolution or selective pressures (Lamb, Jones & Avise, 1992; Zink, 1996; Avise et al., 1998) . Nowadays, the two species have similar geographical distributions (Supporting Information, Fig. S1 ) and the range sampled was similar for both species (Fig. 1) . In most of the sampled areas the two species co-occur, although A. coriacea is more abundant in the northern Cerrado than A. crassiflora ( Supporting Information, Fig. S1 ), where the dry season is longer and more severe than in the central and southern Cerrado. Both species are found at the southern boundary of the Cerrado, in São Paulo State, where the winter is more rigorous. Despite this, A. crassiflora was reported to be more tolerant to frost injury than A. coriacea (Pilon & Durigan, 2013 ), a factor that could limit the presence of Cerrado species that are susceptible to this stress in the southern Cerrado (Silberbauer- Gottsberger, Morawetz & Gottsberger, 1977) . It is thus possible that the two species may have developed different tolerances to stresses such as cold, frost and drought, responding differently to selective pressure after divergence from a common ancestor (see also below). Furthermore, A. crassiflora could have suffered a selective sweep, a factor that has been suggested to occur in plastid DNA regions (Collevatti et al., 2012) , decreasing the genetic diversity of linked loci. Smaller effective population sizes in A. crassiflora than in A. coriacea throughout history could also explain the differences among the species.
Increased evidence has recently pointed to lineage divergence in the Amazonian biome mainly in the Miocene/Pliocene (Hoorn et al., 2010 (Hoorn et al., , 2011 . However, as pointed out by Bonatelli et al. (2014) , the factors that promote divergence in the Amazon could be different from those acting in adjacent biomes such as Cerrado. Cerrado formed more recently than tropical rain forest (origin in the early Cenozoic) or the SDTF (origin to~30-40 Mya), with a composition and species diversity reflecting frequent exchange with its neighbouring biomes, mainly tropical rain forest and Predictor variables include: geographical distance (GEO), membership in phytogeographical provinces (PHY), climatic distance in the summer (ENV2 = Bio8, Bio10, Bio16, Bio18). DIC is the deviance information criterion and DDIC is the DIC difference to the best supported model. P values are shown only for models which had variables with P < 0.1. NS, not significant (P > 0.1).
SDTF (Simon et al., 2009; Simon & Pennington, 2012) . These inferences were based on lineage diversification in four different groups of Cerrado plants, which was estimated to have occurred from the late Miocene to the Pleistocene (9.8-0.4 Ma), with most lineages diversifying more recently than 4 Ma (Simon et al., 2009) . Most Brazilian Annona spp. occur in rain forests, mainly in the Amazon, and fewer occur in Caatinga (SDTF) (see Maas et al., 2013) . Phylogenetic and biogeographical studies of Annona including most species of major South American biomes are necessary to determine the distribution of the ancestors of Annona spp. currently found in Cerrado and reach conclusions about the timing of adaptive diversification events. The only published phylogenetic analysis of Annona (Chatrou et al., 2009) included only a few South American species. Strong genetic structure was found in A. coriacea, with an F ST value of 0.927. The striking phylogeographical pattern was a longitudinal division into two groups, western and eastern. The split of the monophyletic eastern lineage from all other haplotypes was estimated to be 2.06 Ma, suggesting an eastward range expansion in the early Pleistocene. Thus, the climatic oscillations of the early Pleistocene probably played an important role in the genetic isolation of eastern and western populations. The deeper divergence event in the paraphyletic western group dated to the Pliocene (3.19 Mya, HPD: 1.54-5.39 Mya). It is thus possible that palaeogeographical events of this period, such as the uplift of the plateaus of the Cerrado to their present-day elevations and subsidence of peripheral depressions, which occurred from the late Tertiary to early Quaternary (Silva, 1997; Werneck, 2011) , could have had some influence in this diversification.
The overall phylogeographical pattern in A. coriacea suggests restricted seed dispersal, reflecting the behaviour of primary dispersers. This pattern probably did not change significantly after the extinction of megafaunal seed dispersers c. 10-15 000 years ago (Guimarães et al., 2008 ). An east-west division in genetic structure was also observed in two other tree species widely distributed in Cerrado that have megafaunal dispersal syndromes, namely Caryocar brasiliense (Collevatti, Grattapaglia & Hay, 2003) and Hymenaea stigonocarpa Mart. ex Hayne (Ramos et al., 2007) , although these studies did not attempt to date the split. A similar east-west geographical structure was documented in the Cerrado tree Dalbergia miscolobium based on the distribution of haplotype frequency, and the beginning of lineage diversification was estimated to have occurred mainly in the Pleistocene in this species (Novaes et al., 2013) . In two studies of rocky savanna plants, an east-west split was also found, which was inferred to have occurred in the mid-Pleistocene (Collevatti et al., 2009; Bonatelli et al., 2014) . The strong spatial and temporal congruence of east-west divergence among phylogenetically distant taxa suggests a contribution of common drivers in this divergence such as physical barriers and/or environmental factors in the early Pleistocene. Our BAR-RIER analysis produced three main barriers delimiting the two genetic groups in A. coriacea (Fig. 1) . The topography of Cerrado is characterized by plateaus, known as chapadas or chapadões, separated by valleys, which have influenced the composition of plant communities (Werneck, 2011) . At the northern limit, the Serras Gerais de Goi as plateaus approximately coincide with the separation of the eastern and western groups (see barrier 'b' in Fig. 1 ). The genetic separation is extended through the central-south Cerrado, where there are no clear physical barriers. In the absence of barriers, the maintenance of phylogeographical divergence patterns can be driven by density-related processes and local adaptation. These processes could prevent immigrant seed from becoming established beyond the contact zone between expanding populations, resulting in clear-cut limits of gene pools, as has been observed for tree species in Central Africa (e.g. Hardy et al., 2013) .
Analysis of GLMMs (Hadfield, 2010) was used to address other factors, which could help in explaining the genetic divergence of A. coriacea populations. This analysis was consistent with the east-west split, showing no effect of genetic isolation by distance (GEO matrix), as shown by the Mantel test. The GLMM analysis did not detect any association between Ratter's phytogeographical provinces and genetic divergence. However, the results of the chi-square and Fisher tests clearly indicated a nonrandom distribution of haplotypes in the phytogeographical provinces. In fact, a partial concordance between phylogeographical group and phytogeographical provinces was found, as can be observed by the coincidence of the western phylogeographical group with Ratter's CW province (Fig. 1, Supporting  Information, Fig. S1 ). The lack of association between genetic and PHY matrices in GLMMs is possibly due to the fact that the eastern group includes populations from two phytogeographical provinces (C & SE and S, Fig. 1 , Supporting Information, Fig. S1 ). In relation to the influence of climatic factors, the GLMM analyses indicated that only the predictor ENV2 in the compound models with GEO or GEO + PHY was nearly significant (P < 0.10). Because the precipitation of the warmest quarter (BIO18) explained most of the variance of the first principal component in the PCA of ENV2 (91%; see Supporting Information, Table S4 ), it may be considered a putative driver of the genetic divergence among populations of A. coriacea. A recent genomic study in another plant biodiversity hotspot, the South African Cape Floristic Region (CFR), also revealed that plastid DNA and genomic divergence of Restio capensis was mostly driven by the climatic variability across of the region (Lexer et al., 2014) . In A. coriacea, however, the proximity of the weight of the best model, i.e. the one including only ENV2 (DIC weight = 0.21), to the model null (DIC weight = 0.20) suggests that other factors (such as historical ones mentioned above) contributed to the genetic divergence.
In A. coriacea, the higher diversity of the western group (Table 4) is mainly due to its northern part that includes populations SDE and SVN, which together harbour five of the seven haplotypes of the western group (Fig. 1) . This higher diversity found in the north of the central Cerrado is in accordance with a modelling study describing historical climatic stability in this area and proposing a potential glacial refugium for squamate species in the Serra Geral de Goi as (Werneck et al., 2012) . Our results suggest that the region was also a refugium for A. coriacea during drier and colder periods, from which other range parts could have been recolonized. A north-south decline in diversity was observed in A. coriacea; populations from the south displayed only common haplotypes and lacked rare or endemic ones. Both phylogeographical groups showed evidence of recent sudden demographic and spatial expansion by mismatch analysis. These results are consistent with recent colonization of the southern Cerrado from the north, as has been suggested for other Cerrado tree species (Collevatti et al., 2003; Ramos et al., 2007 Ramos et al., , 2009 Novaes et al., 2010 Novaes et al., , 2013 . These studies are also in accordance with palaeopalynological evidence showing that the current southern Cerrado was covered by open grassland during the LGM (Behling & Lichte, 1997; Behling, 1998) and with recent palaeodistribution modelling studies showing that Cerrado retracted to the north during the last glaciation (Werneck et al., 2012) . Higher genetic diversity in the core areas (central-northern part) of the biome has also been described in some phylogeographical studies of tree species extensively sampled in Cerrado (Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 . Annona coriacea is also a common species in the extreme north-eastern Cerrado and is thus probably tolerant of severe drought. On the other hand, it is frost sensitive (Pilon & Durigan, 2013) , making it likely that low temperatures during Pleistocene glaciations in the area of the current southern Cerrado have restricted its occurrence in this region severely.
The genetic structure of A. coriacea reflects the impact of the climatic alterations of the Pleistocene and suggests a possible role of ongoing evolutionary processes (dispersal, local adaptation) and current environmental factors (climate) in maintaining the pattern of genetic divergence. Our results further demonstrate that the sympatric A. crassiflora and A. coriacea show idiosyncratic population histories. This lends further support to the view that, despite the discovery of some congruent patterns, biogeographical processes are highly complex in the Cerrado biome and that understanding these processes is an asset for the conservation of this biodiversity hotspot. Table S3 . Primer combinations of the plastid DNA tested in Annona crassiflora and A. coriacea. Table S4 . Proportions of variance explained by the three first principal components (PC) used for GLMM for three sets of Bioclim variables (ENV1, ENV2, ENV3), based on pixels of the Brazilian Savanna Region at 5 arc-minutes resolution. Table S5 . Variable sites of aligned sequences of two plastid DNA regions (trnL-trnF and rpl32-trnL), definition of haplotypes and observed haplotype counts in Annona coriacea populations.
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